in atoms. Examples based on density functional theory (DFT) are shown. DFT is assumed to calculate the physical properties of materials using calculated density of electrons. The reader who wants to achieve a detailed understanding of DFT can turn to several comprehensive papers (Parr & Yang, 1994; Martin, 2004; Kohanoff, 2006) . The reliability of DFT calculations depends on the approximation used. A pseudopotential method has been used in classical DFT calculations. The computational speed of this technique is very fast, although the first-principles calculations need huge computer power. In the case of the pseudopotential method, it is assumed that the core electrons play little or no role in the energetics of the material, which depends almost entirely on the valence electrons. The core electrons are not handled directly, and these are replaced by the potential function of the valence electrons. Good results have been obtained in predicting physical properties, because the influence of core electrons is small. However, there is a significant problem in estimating physical properties under extremely high-pressure conditions. The material is compressed at high pressures, and the distance between atoms is shortened. In a word, the overlap of the adjacent electrons is nonnegligible. It is expected that the influence of not only valence electrons, but also the core electrons, cannot be disregarded when this overlap increases. Therefore, it is expected that the pseudopotential method is unsuitable for highpressure studies. Recently, the all-electron method has been used to estimate the physical properties of materials under high pressures instead of pseudopotential methods. Generally, the all-electron method needs huge computing time, and it is difficult to handle materials with many atoms and/or complicated chemical composition. We use the Projector Augmented Wave (PAW) method, because this is a comparatively fast calculation method in the all-electron approach. In most studies of first-principles calculation, the physical properties of materials have been estimated in the ground state (at 0 K). However, earth scientists want to know the behavior of materials at not only high pressures, but also high temperatures, such as those in the interior of the Earth and other planets. Although it is possible to extrapolate the physical properties at high temperatures from the ground state, this approach has a significant error. Therefore, it is necessary to combine a molecular dynamics method that actually deals with the thermal vibration of atoms to estimate physical properties at high temperatures. We use a calculation code (Vienna Ab initio Simulation Package) that combines the first-principles calculation of the all-electron approach with a molecular dynamics method (Kresse & Hafner, 1993; Kresse & Furthmuller, 1996) . It is possible to estimate precisely the physical properties of a material under high temperatures and pressures using this method. However, there is a problem in that the maximum number of atoms that can be considered is about several hundred, which is much smaller than Avogadro's constant, because this first-principles molecular dynamics method needs huge computer resources. Moreover, it is almost impossible to calculate the duration of a second in real time; however, the duration of tens of picoseconds can be treated. Therefore, it is necessary to estimate thermodynamic parameters under high temperatures and pressures carefully.
Reliability of the first-principles calculation
The first-principles calculation is used in various fields, such as physics, chemistry, and material science, and huge efforts to increase the accuracy of the calculation have been attempted. Therefore, developments concerning the first-principles technique are very rapid. However, it is important to determine whether its reliability satisfies our purpose to estimate precisely the physical properties of materials at high temperatures and pressures.
For example, it is generally known that the values of the lattice parameters of most crystals estimated by first-principles calculations have about 1-2% errors compared with experimental values at ambient conditions. Next, we will consider the reliability of firstprinciples calculations under high pressures, which is our subject of interest. In Figure 1 , the relationship between the volume and the pressure of a high-pressure phase of B2-type sodium chloride (NaCl) is shown. In the case of a crystal that is stable at ambient conditions, it is better to obtain physical properties by an experimental method compared with estimations by first-principles calculations. However, there is an advantage of firstprinciples calculations to estimate the physical properties of materials that cannot be recovered at ambient conditions by high-pressure experiments. As the high-pressure phase of NaCl cannot be quenched at ambient pressures, a complicated method and/or much time is necessary to obtain good experimental data. In such a case, first-principles calculations have a significant advantage in estimating the physical properties of materials compared with experiments. In this chapter, the reliability of first-principles calculations is considered using the example of the high-pressure phase of NaCl. Comparison of pressure-volume data of B2-type NaCl between high-pressure experiments and first-principles calculations. Symbols represent the experimental data calculated by different gold pressure scales. Diamonds, Jamieson et al. (1982) ; triangles, Anderson (1989) ; squares, Takemura (2007) corrected by the ruby scale of Dorogokupets and Oganov (2007) . Lines represent the calculated data by different approximations: orange, Local Density Approximation (LDA); purple, PW91 (Wang & Perdew, 1991) ; blue, HSE06 (Paier et al., 2006) ; green, AM05 (Armiento & Mattsson, 2005) ; red, PBEsol (Perdew et al., 2008) .
The volume data for the high-pressure phase of NaCl observed by high-pressure experiments at pressures higher than 30 GPa are shown in Figure 1 . A high-pressure diamond anvil cell apparatus and a synchrotron X-ray diffraction technique were used to measure volume data at each pressure increment. NaCl powder was mixed with gold powder where the latter was used as the pressure standard (Ono et al., 2006a) . The sample was compressed into a thin pellet, and was sandwiched in the pressure-transmitting medium of magnesium oxide (MgO). This composite sample was placed into the sample chamber of the high-pressure apparatus. It is known that the high-pressure diamond anvil cell-type apparatus has the disadvantage that a significant differential stress is accumulated in the sample chamber during the compression of the sample. Even if a rare gas is used as the pressure-transmitting medium, the influence of differential stress is nonnegligible at pressures higher than ~50 GPa (Takemura, 2007) . An alternative approach is annealing the sample using an infrared laser to reduce the differential stress in the sample chamber at each pressure increment. In Figure 1 , three experimental data sets are plotted at each volume, because the experimental pressure is calculated using the three proposed pressure scales based on the equation of state for gold (Jamieson et al., 1982; Anderson, 1989; Takemura, 2007) . The colored lines are the volume-pressure curves calculated by the first-principles approach. Some types of approximation for the exchange-correlation functional have been proposed. It is necessary to know the exchange-correlation energy between electrons in the materials when the physical properties of the materials are calculated based on the DFT method. As it is difficult to strictly determine the exchange-correlation energy, an approximation must be used. The improvement of the exchange-correlation functional is important for the reliability of the DFT method. Therefore, the results from the different approximations for the exchange-correlation functional are shown in Figure 1 . One of the classical approximations is the Local Density Approximation (LDA), where the result is shown as the orange line. Historically, the LDA was partially successful in predicting the physical properties of materials. However, a small difference between the LDA results and the experimental data for the volume-pressure curve of B2-type NaCl is confirmed. For instance, it is known that the volumes of most crystals calculated by the LDA are slightly smaller than those measured experimentally. As the estimations for other physical properties have nonnegligible uncertainties in the LDA method, other approximations were proposed to improve the exchange-correlation functional. One of the other classical approximations is the generalized gradient approximation established by Wang & Perdew (1991) (PW91) . The results from the PW91 approximation are also shown as the purple line in Figure 1 . In the case of the PW91 approximation, the calculated volumes are larger than are those from experiments. The experimental values of B2-type NaCl are plotted in the intermediate region between the LDA and PW91 calculations. According to previous studies, we understand that the physical properties of materials can be predicted qualitatively using classical approximations. However, it should be noted that further improvements are needed to achieve quantitative predictions. For the last decade, several new approximations have been suggested to improve the accuracy of the DFT calculation. The volume-pressure data calculated by several new approximations are also shown in Figure 1 . The results from the new approximations of HSE06 (Paier et al., 2006) , AM05 (Armiento & Mattsson, 2005) , and PBEsol (Perdew et al., 2008) are in excellent agreement with experimental values, especially at low pressures. This indicates that the computations using the new approximations are likely to produce predictions that are more reliable for the various physical properties of materials.
Reliability of high-pressure experiments
Next, we will discuss the reliability of data obtained by high-pressure experiments. The three experimental data sets using different pressure standards are plotted in Figure 1 . The discrepancy between the different pressure standards increases as the pressure increases.
Thus, the uncertainty of experimental pressures is significant at extremely high pressures. The experimental pressure standards using the equations of state for materials have been determined by a dynamic compression experiment (shock-wave compression experiment) or a static compression experiment (e.g., diamond anvil cell experiment). Shock-wave experimental data have frequently been used to establish and verify a pressure standard. It is useful that the three independent parameters (length, density, and time) can be obtained from each shock-wave experiment and these parameters can be converted to volume, temperature, and pressure, which constitute the equation of state of materials. However, there are a couple of problems in the construction of the equation of state used as the pressure standard by the shock-wave compression data. One of the problems is that the error of the experimental data is great, compared with that of static compression experiments. When the equation of state of a solid is determined and used as the pressure standard, the data from the shock-wave experiments are used sometimes to analyze small changes in thermoelastic parameters, whose changes are smaller than the error in the experimental data. This is quite misleading. Another problem is that there is a significant problem in that an uncertain parameter, such as the Grüneisen constant, is used to estimate the experimental pressure. The dependence of the Grüneisen constant on temperature and pressure has to be assumed with great uncertainty.
On the other hand, static compression experiments also provide invaluable data to investigate a pressure standard. Here, we consider the problem of the pressure standards proposed from previous studies by using the data of the high-pressure phase of NaCl shown in Figure 1 . The experimental data in Figure 1 are plotted by using the pressure standards that have been frequently used in previous experimental studies. The difference in pressure data among the different pressure standards indicates the rough size of error for the pressure standard. A comparison of the first-principles calculation and the highpressure experiment data leads to a valuable discussion. It has already been pointed out that the difference in pressure values obtained by the different approximations used in the first-principles calculation indicates the rough size of the error of the calculations. At low pressures, it is clear that the error in the numerical results is remarkably large compared with the error associated with the experimental data. However, this relationship changes at high pressures. The magnitude of the error in the experimental data increases as the pressure increases, and at pressures higher than ~100 GPa, it becomes almost the same size as the error in the calculation. In addition, this relation is reversed at extremely high pressures. It is known that the difficulty in obtaining reliable measurements increases as the pressure increases, and the error in experimental data becomes significant at high pressures. In the case of the first-principles calculation, the error does not increase as highly when compared with experiments conducted at extremely high pressures. Although significant uncertainties at ambient conditions of the first-principles calculations compared with those of experiments are recognized, the first-principles calculations can provide invaluable data in high-pressure science, where there is great difficulty with experimental approaches. There is another interesting relationship between the calculated and experimental data. At low pressures, the experimental data are located in the middle of the calculated data. As the pressure increases, the experimental data based on two pressure standards (Jamieson et al., 1982; Anderson, 1989) shift to the low-volume side compared with the calculated values. This indicates that these pressure standards give pressures lower than those from another standard (Takemura, 2007) corrected by the new ruby scale of Dorogokupets & Oganov (2007) . The pressures from Takemura's standard are in good agreement with those from the first-principles calculations using modern approximations. It is believed that the compression data for gold reported recently by Takemura (2007) are among the most reliable. The correction of Takemura's pressure standard is done by one of the reliable ruby standards (Dorogokupets & Oganov, 2007) . On the other hand, the experimental data that significantly deviated from the first-principles calculations are based on the old ruby pressure standards (e.g., Mao et al., 1978; Mao et al., 1986) . Their pressure standards based on the pressure shift in the fluorescence line of the ruby crystal has been used frequently in many high-pressure studies, especially at ambient and low temperatures. According to the comparison between our numerical results and experimental data, these old ruby standards may underestimate the experimental pressure. Recently, the ruby pressure standard has been revised using experimental data or numerical results by other research groups (Holzapfel, 2003; Kunc et al, 2003; Dewaele et al., 2004; Chijioke et al., 2005; Dorogokupets & Oganov, 2007) . These studies reported that the old ruby standards have a significant uncertainty, which is consistent with our study. The underestimation of the old ruby standards seems to be of the order of 5-10%. Finally, we can confirm that the volumepressure data of B2-type NaCl based on the modern pressure standard are in excellent agreement with those of the first-principles calculations using modern approximations.
The problem with the Grüneisen constant
Some formulas can be used to describe the equation of state for crystals. For instance, the Mie-Grüneisen-Debye formula has been frequently used because it is simple and easy to apply to various types of systems. Is not there a problem in using this formula? In the MieGrüneisen-Debye formula, a thermal pressure (the increase in pressure by heating a solid at constant volume) is expressed as
where E th , V, and  are the internal energy, the volume, and the Grüneisen constant, respectively. The internal energy is given by the Debye's model, and the Grüneisen constant is expressed as a function of the volume.
This expression is the Mie-Grüneisen-Debye equation of state. The Grüneisen constant used in the Mie-Grüneisen-Debye equation of state has a significant problem. This equation indicates that the pressure value might have a large error if the Grüneisen constant has a significant uncertainty. In the case of the Mie-Grüneisen-Debye equation of state, the temperature dependence of the Grüneisen constant is assumed to be negligible. If the temperature dependence of the Grüneisen constant is nonnegligible, the Mie-Grüneisen-Debye equation of state gives misleading values of pressure in the study of solid crystals. Therefore, we verified the dependence of the temperature and the pressure on the Grüneisen constant using the first-principles molecular dynamics method . The first-principles molecular dynamics method can directly calculate the internal energy, the volume, and the thermal pressure defined in equation (1), and the dependence of the temperature and the pressure on the Grüneisen constant can also be calculated by using these values. The pressure dependence of the Grüneisen constant included in the Mie-Grüneisen-Debye equation of state was confirmed and is demonstrated in Figure 2 . On the other hand, the temperature dependence neglected in the Mie-Grüneisen-Debye equation of state is small at temperatures of up to several hundred degrees. However, the difference in the dependence between low and high temperatures could not be neglected especially at temperatures higher than 1000 K. According to this behavior, the Mie-Grüneisen-Debye equation of state can be applied at several hundred degrees at the highest, when it is constructed using experimental data obtained at low temperatures. In other words, the MieGrüneisen-Debye equation of state is not suitable for constructing the equation of state of solids applied to a wide range of temperatures, and the pressure standard based on the Mie-Grüneisen-Debye equation of state may involve significant uncertainty. According to Maxwell's relations in thermodynamics, the temperature dependence of the Grüneisen constant at constant volume is given by ln 1 ln
When the temperature is much higher than the Debye temperature, the Dulong-Petit law suggests that the specific heat (C V ) is almost constant in solids. That is, the temperature dependence of the Grüneisen constant is extremely small at extremely high temperatures.
As the temperature dependence is not small at middle temperatures, it is possible that an obvious difference in the temperature dependence of the Grüneisen constant between low and high temperatures can be confirmed. It can explain the change in the Grüneisen constant calculated by the first-principles molecular dynamic method. Here, the highpressure phase of NaCl, which is a typical crystal constituted by an ionic bond, has been investigated. It is thought that similar studies for other materials with different bond types, www.intechopen.com such as metals or oxides, should be carried out to understand a general rule for the temperature dependence of the Grüneisen constant of solids at high pressures. It is extremely dangerous to use the Grüneisen constant without understanding its behavior at high temperatures, because it is one of the most important parameters to establish the equations of state of solids for not only static compression, but also shock-wave compression experiments. Indeed, most studies on constructing pressure standards have not considered this influence of the Grüneisen constant.
New pressure standard obtained by first-principles calculations combined with high-pressure experimental data
It is difficult to construct a new pressure standard that is more reliable than those proposed by previous studies using experimental data at high pressures by the first-principles method, because it is clear that the errors are not negligible in the current first-principles computations. On the other hand, we have understood that there are serious problems in determining experimental pressure standards under high pressure because of the uncertainties of the ruby pressure standard or the Grüneisen constant. Recent approaches to establish a reliable pressure standard employed much previously reported experimental data obtained with static and the shock-wave compression methods to determine the parameters of the equation of state. However, a serious problem is associated with this approach. The previous static compression data used to construct the equation of state are affected directly or indirectly by the old ruby pressure standard. As described above, a significant error is confirmed in the old ruby pressure standards (Mao et al., 1978; Mao et al., 1986) , which have been widely used in previous studies. Thus, it is thought that most static compression experimental data used in the construction of the equation of state for the pressure standard have nonnegligible errors. Therefore, it should only be used as fundamental data to construct the equation of state after the problem of the old ruby pressure standard is solved. In Figure 1 , one of the experimental data of B2-type NaCl is plotted using the new gold pressure values corrected by the new ruby pressure standard. This is one of the approaches that can be used to avoid the uncertainty of the old ruby pressure standard. Moreover, it is also clear that the problem with the Grüneisen constant must be solved before previous shock-wave compression experimental data are used to establish the equation of state for a reliable pressure standard. Recently, an attempt to understand an internal consistency among some pressure standards using high-pressure experiments has been reported (Fei et al., 2007) , as it is not easy to construct a reliable pressure standard. This approach in constructing a reliable pressure standard also has a major problem. Each experimental data set has a different uncertainty that is dependent on the experimental conditions, such as skill and/or the method. When these experimental data are combined to analyze the pressure standard, the uncertainties of each data are accumulated. The most reliable gold pressure standard used in Figure 1 is established using the compression data of gold reported by Takemura (2007) . This compressibility of gold was obtained using the correction of the nonhydrostatic pressure conditions for the experimental data of Takemura (2001) and Dewaele et al. (2004) . Both research groups have published many papers concerning the equations of state for solids, and their experimental data have been cited repeatedly. Although the reliability of their experimental skills is recognized in the community of high-pressure science, it is necessary to correct their raw data when we establish a precise pressure standard. This indicates that it is quite difficult to compare the experimental data reported by different research groups that www.intechopen.com Some Applications of Quantum Mechanics 100 have different levels of experimental skills and use different methods. In other words, the study of consistency between different pressure standards is difficult without considering experimental errors, such as the nonhydrostatic condition. Indeed, investigation into the consistency of pressure standards while considering the error of each experiment is rare. In order to overcome the difficulties mentioned above, we have performed an alternative approach of combining high-pressure experimental data and first-principles calculations to make up for each disadvantage. According to our study, the volume-pressure relation of B2-type NaCl estimated by first-principles calculations may have nonnegligible errors. The reliability of high-pressure experimental data obtained at ambient temperatures is better than that of first-principles calculations if an appropriate correction for the experimental pressures is done. Therefore, the reliability of the numerical results is improved considerably if the pressure-volume-temperature data estimated by the first-principles molecular dynamics calculations are corrected based on the experimental data.
On the other hand, it is known that there is significant uncertainty of the temperature in the study of the equation of state of solids reported by previous high-pressure experiments. It is difficult experimentally to determine precisely the thermal pressure and the coefficient of thermal expansion at high temperatures. In the case of the static compression experiments using a large volume press apparatus, a thermocouple is used to measure the sample temperature. The thermocouple indicates the sample temperature using a voltage (EMF) proportional to the temperature difference between two different metal conductors. Although the method has been established at ambient pressures, it is thought that a significant uncertainty is introduced at high pressures. The influence of pressure on the EMF has to be considered in high-pressure experiments. Indeed, most experimental studies have not taken into account this pressure effect on EMF. At higher pressures performed using large volume press experiments, laser-heated diamond anvil cell experiments have often been performed. In this experimental method, the temperature of the sample is estimated using the radiation from the sample during heating. It is known that this temperature measurement has an extremely large error. In addition to the large fluctuation of temperature (~several hundred K) on heating, the conversion from the spectrum of the radiation from the sample to sample temperature has a significant uncertainty that concerns thermal emission. If the sample is an ideal black body, it is simple in that the emissivity is 1. However, the sample is not a black body. Therefore, it is necessary to know the dependence of the emissivity on the temperature, pressure, and wavelength of each material to estimate an accurate temperature from the radiation of the sample. These dependencies under high pressures and temperatures are uncertain. In the case of the shock-wave compression experiments, the experimental data might contain large errors because of the problem concerning the Grüneisen constant mentioned above. Thus, there is a significant advantage in the use of data calculated by first-principles molecular dynamics to know the dependence of the temperature concerning the equations of state for materials. From the viewpoint mentioned above, an attempt to establish a reliable equation of state for a material to construct a new pressure standard has been performed by combining the data from high-pressure experiments at room temperature with the data from first-principles molecular dynamics calculations at high temperatures. We have already discussed the synergy between the high-pressure experiments and the first-principles computations concerning the equation of state for the high-pressure phase of B2-type NaCl. Recently, a study on a pressure standard of B2-type NaCl combining both experiments and computations has been reported (Ono, 2010a) . A study on Ta metal has also been reported (Ono, 2009 ). The equations of state of B2-type NaCl and Ta have been revised considerably by these studies. In contrast, a certain amount of error in the parameters of the equation of state concerning the temperature was confirmed in the first-principles molecular dynamics calculations. The error in the calculations is thought to be related to the estimation of the interaction factor between the electrons. As the first-principles computations clarified the interesting features of the ruby pressure standard and the Grüneisen constant, which are important factors to determine the precise equation of state for materials, synergy between first-principles computations and high-pressure experiments is necessary to establish more reliable pressure standards in future studies.
Implications for earth science
It is believed that the Earth's and terrestrial planets' interiors consist of oxides and iron compounds. The physical properties of these minerals are important keys to understand their structure, composition, and evolution. Recently, the approach of combining highpressure experiments with first-principles computations was successful in discovering new minerals and predicting physical properties of minerals at high pressures and temperatures. In this section, some interesting topics are introduced.
High-pressure phase of iron
The stable structure of iron under ambient conditions is body-centered cubic (bcc) Fe (-Fe). The phase transition from bcc to the face-centered cubic (fcc) structure (-Fe) has been confirmed to occur at a temperature of 1185 K. Under high pressure, the bcc-Fe transforms into the hexagonal close-packed (hcp) structure (-Fe) (Takahashi and Bassett, 1964) , and this structure seems to be stable over a wide range of pressures and temperatures approaching those existing in the Earth's core. It is known that the magnetic and spin states of iron have a major influence on the physical properties of iron. Although the magnetic structure of hcp-Fe has been investigated for over four decades, there is an inconsistency between experimental and theoretical studies. Mössbauer experiments have been interpreted to show the absence of magnetism in hcp-Fe (Williamson et al., 1972; Nasu et al., 2002) . In contrast, the theoretical study based on DFT has shown that the antiferromagnetic state is stable at pressures below 50 GPa (Steinle-Neumann et al., 1999) . However, it has not been clearly explained why it is difficult to identify the antiferromagnetic state experimentally. A first possibility is that the significant hysteresis of the bcc-hcp transition may disturb the magnetic ordering in hcp-Fe; this is because most previous experiments were performed at low temperatures where the accumulated differential stress in the sample could not be released. Second, the experimental errors of the Mössbauer technique used in previous studies were not negligible, because the antiferromagnetic moment predicted by first-principles calculations is small. Third, the quantum spin fluctuation in hcp-Fe (Mazin et al., 2002) is too fast for the time scale of the Mössbauer measurement, thereby inhibiting detection of a hyperfine field. We investigated the magnetic properties of hcp-Fe using first-principles calculations to determine the change in the cell parameters. The antiferromagnetic type II structure (space group  Pmma) was used in our calculations. The antiferromagnetic type II structure has two different Fe sites, and their magnetic moments are opposed to each other. Figure 3 shows the change in the ratio of the cell parameters of hcp-Fe as a function of pressure. In the case of the antiferromagnetic type II structure, the calculated c/a ratio decreases up to approximately 55 GPa, and then increases slightly with increasing pressure. In contrast, the nonmagnetic type structure without the spin effect shows that the calculated c/a ratio increases simply with increasing pressure. Experimental data (Ono et al., 2010b) are also shown in Figure 3 . Although the ratio of the cell parameters from our first-principles calculations is approximately 1% greater than that observed in our experiments, the change in the ratio from the calculations for the antiferromagnetic type II structure is in good agreement with the experimental data. The change in the ratio of the metastable nonmagnetic state calculated without the spin effect is apparently inconsistent with that observed in experiments. The magnetic moment of the antiferromagnetic state decreased gradually, with increasing pressure, and reached zero at approximately 55 GPa (Ono et al., 2010b) . The disappearance of the magnetic moment indicates that a magnetic transition occurred from the antiferromagnetic to the nonmagnetic state. As the spin directions of the antiferromagnetic state are orientated perpendicular to the c axis in the hexagonal symmetry cell, and the a axis is less compressible than the c axis, it is therefore clear that a magnetic transition would induce a change in the rate at which the c/a ratio responds to compression. Finally, the disagreement between previous experiments and computations was reconciled by our approach using both first-principles calculations and high-pressure experimental data. This study indicates that the low-spin hcp-Fe is the most stable phase in the Earth's core at pressures of ~350 GPa.
High-pressure phases of MgSiO 3
Seismic measurements infer that the Earth's interior has two layers, the mantle and the core. The core is much denser than the mantle, and consists of iron-rich materials. The chemistry of the mantle can be estimated from information obtained from meteorites and cosmochemistry. This indicates that the composition of the mantle is close to that of the universe as a whole, but with a strong depletion of volatile elements, such as hydrogen, carbon, and rare gases. According to mineralogy studies, the upper mantle must be dominated by Mg 2 SiO 4 compounds (Ono, 2008) . In contrast, the lower mantle may consist of MgSiO 3 and MgO. High-pressure experiments and first-principles calculations show that MgSiO 3 in the lower mantle has a perovskite structure. The nature of the D layer at the base of the lower mantle is unique. It has quite a variable thickness and a significant seismic anisotropy. The most plausible explanation is that MgSiO 3 transforms from a perovskite to a CaIrO 3 -type (post-perovskite) structure in this region (Oganov & Ono, 2004) . First-principles computations contributed to the discovery of this new mineral. At first, the CaIrO 3 -type structure at high pressures was reported by an experimental study of iron oxide (Fe 2 O 3 ) (Oganov & Ono, 2004) . The structure of CaIrO 3 -type MgSiO 3 determined experimentally is shown in Figure 4 . Fig. 4 . Crystal structure of CaIrO 3 -type (post-perovskite) MgSiO 3 (JCPDS-0580689). Blue spheres are Mg atoms. Polyhedra indicate SiO 6 octahedra. The precise structure was determined by Rietveld refinement (Ono et al., 2006b ).
The existence of CaIrO 3 -type MgSiO 3 can explain the unique features at the base of the Earth's lower mantle (Ono & Oganov, 2005) . Although at present the CaIrO 3 -type MgSiO 3 phase exists in the Earth's deep interior, the condition of the Earth in the past was quite different from that of present Earth. The Earth's temperature just after its formation was much higher than it is presently. At higher temperatures, the CaIrO 3 -type MgSiO 3 phase in the D layer did not exist at the base of the lower mantle, because perovskite-type MgSiO 3 is stable deep in the Earth's mantle ( Figure 5) . Then, the CaIrO 3 -type MgSiO 3 phase appeared during the cooling of the Earth (Ono & Oganov, 2005) . The solid inner core, which consists of iron compounds, also appeared during the cooling stage of the Earth. Fig. 5 . Structure of the Earth's interior. The temperature of the young Earth was higher than that of the present Earth (Ono & Oganov, 2005) .
High-pressure phases of carbonates
High-pressure polymorphs of carbon-bearing minerals are important to understand the circulation of carbon in the Earth's interior. Therefore, phase transitions and physical properties of high-pressure phases related to carbon have been the object of intense experimental investigation. High-pressure phases of carbonates are likely to be one of the host minerals for carbon that are present deep in the mantle. However, significant discrepancies in the crystal structures of high-pressure carbonates have been reported by previous high-pressure studies because of experimental difficulties. Recent first-principles computations solved some of these experimental discrepancies and contributed to the discovery of several new high-pressure structures. Fig. 6 . Crystal structures of high-pressure polymorphs of CaCO 3 . Left, post-aragonite CaCO 3 ; right, pyroxene-like phase. Green, blue, and red spheres are Ca, C, and O atoms, respectively. Blue bonds indicate triangular CO 3 . Red polyhedra indicate CO 4 tetrahedra. The structure was predicted by first-principles calculations (Oganov et al., 2006) .
Calcium carbonate (CaCO 3 ) is believed to be a major mineral containing carbon that exists in the deep interior of the Earth. It is generally known that calcite, which is the stable structure of CaCO 3 at ambient conditions, transforms to aragonite, which often occurs in metamorphic rocks, formed at high pressures and temperatures that correspond to the Earth's crust and the uppermost upper mantle. It was unknown whether aragonite transforms to a new high-pressure phase deep in the mantle. Recently, experimental observations indicated that aragonite CaCO 3 transformed into a new structure (postaragonite phase) . The estimation of the crystal structure of this new CaCO 3 had significant uncertainty because of the poor quality of the experimental data. In contrast, the recent approach to determine the unknown crystal structure based on firstprinciples computation can provide a powerful tool for high-pressure mineralogy. One of the successful codes used in this approach is "USPEX" developed by Oganov & Glass (2008) . The computations using the USPEX code solved the unknown structure of the high-pressure phase of CaCO 3 (Oganov et al., 2006) . This new phase (post-aragonite CaCO 3 ) has an orthorhombic symmetry with space group Pmmn, as shown in Figure 6 . This study also predicted the existence of another unknown structure with C222 1 symmetry, which had not been observed in previous experimental studies. One of the interesting features of this new structure is that a change in the coordination number of the carbon atom is predicted. All CaCO 3 polymorphs reported in previous studies are composed of triangular CO 3 units. In contrast, the new structure has CO 4 tetrahedron units ( Figure 6 ). After this prediction, high-pressure experiments confirmed the existence of the C222 1 structure (pyroxene-like phase) (Ono et al., 2007) . The transition pressure predicted by first-principles calculations (Oganov et al., 2006) is in excellent agreement with that observed experimentally (Ono et al., 2007) . This indicates that the prediction based on first-principles computations is a powerful tool to investigate the behavior of high-pressure phases.
Conclusion
In conclusion, we considered uncertainties in the computations based on first-principles quantum mechanics and high-pressure experiments, and introduced a new attempt to construct a pressure standard based on the equations of state of materials using the synergy between the first-principles computations and high-pressure experiments. In the present situation of first-principles calculations, it is difficult for the computation approach to establish the equation of state for materials that are more reliable than that established by experimental data. However, the speed of the development in the field of first-principles calculation is extremely rapid because of the very high demand from many fields, such as physics, chemistry, life science, medicine, and engineering. Therefore, computations based on first-principles quantum mechanics will make an important contribution to the problem of establishing a pressure standard in the near future. Thus, the importance of the combination of experimental and theoretical approaches increases further, and the possibility of a significant breakthrough using this synergy can be expected. Indeed, our approach combining first-principles computations and high-pressure experiments led to a new insight into the interesting behavior of the high-pressure phase of iron. Furthermore, the discovery of a new type of iron oxide (Fe 2 O 3 ) inspired the discovery of a new phase of MgSiO 3 , which contributes to understanding the properties of the bottom of the Earth's mantle. In the case of carbonate, first-principles computations predicted the structure of new phases that had not previously been identified experimentally, and helped to identify new phases in later experiments. Our investigations into carbonates also contributed to understanding the carbon cycle in the Earth's interior.
